Introduction
The c-fos gene codes for an important component of the transcription factor AP-1, which consists of three members of the Jun family (c-Jun, JunB and JunD) and four mem bers of the Fos family (c-Fos, FosB, Fra-1 and Fra-2). These proteins share a stretch of uninterrupted homology con taining the "leucine zipper", which mediates dimerization, and an adjacent basic region, which constitutes the DNAbinding domain. Jun proteins are able to homodimerize, while Fos proteins are only capable of forming heterodimeric complexes with Jun proteins. In the AP-1 com plex, the basic regions o f both partner proteins are brought into close proximity to form a bipartite DNA-binding domain which recognizes the consensus sequence TGA G/C TCA. The Fos-Jun heterodimers are thermodynamically more stable than Jun homodimers. The presence of Fos pro tein therefore forces Jun into heterodimeric complexes which bind to DNA more effectively. Jun and Fos both con tribute to the transactivation function of the AP-1 complex, which stimulates transcription by binding to promoter sequences (reviewed by Angel and Karin, 1991; Kerppola and Curran, 1991). We have recently established a novel and selective tran scriptional induction system for mammalian cells (Fig. 1A) Synthetic Gal4-responsive promoters were optimized for transactivation by Gal-ER in NIH 3T3 cells. The best pro moter, consisting of four Gal4-binding sites, an inverted CCAAT element, a TATA-box and the adenovirus major late transcription initiation region, was linked to the mouse c-fos gene. This Gal4-responsive fos gene was stimulated ~50-fold by Gal-ER in an estrogen-dependent manner ( Fig.  2A; Braselmann et al., 1993) . The utility of the Gal-ER induction system was demonstrated in rat fibroblast cell lines which were stably transfected with exogenous Gal-ER and Gal4-responsive fos genes. These cell lines were untransformed in the absence of estrogen, but clearly trans formed in the presence of hormone as judged by their mor phology (Fig. 4) ( Picard et al., 1988) . It has been postulated that this repres sion may be caused by the interaction o f the abundant heat shock protein hsp90 w ith the unliganded horm one-binding dom ain (Picard et al., 1988) . This "protein inactivation" function has been successfully used to subject several tran scription factors to horm onal regulation by fusing them to the ligand-binding dom ain o f the hum an estrogen receptor (Picard et al., 1988; Eilers et al., 1989; S uperti-Furga et al., 1991; U m ek et al., 1991; Burk and K lem pnauer, 1991) . As show n in observed any significant qualitative and quantitative differ ences betw een c-Fos and the Fos-E R fusion protein in trans activation, repression and transform ation assays (SupertiFurga et al., 1991) . T he G al-E R induction system facilitates, how ever, expression o f native c-Fos and in this respect is com plem entary to the Fos-E R system . In addition, the Gal-ER system is m ore versatile as it allow s regulated expression o f native protein from any gene that is cloned dow nstream o f the G al4-responsive prom oter. H aving established these tw o selective Fos induction system s we used them to study the effects o f Fos on neuronal differ entiation o f PC 12 cells and to identify transform ation-rele vant target genes o f Fos in rodent fibroblasts.
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Fos blocks neuronal differentiation of PC12 cells
T he rat adrenal pheochrom ocytom a cell line PC 12 provides an attractive m odel system for studying the action o f nerve grow th factor (NG F) and the m echanism o f neuronal differ entiation. In response to N G F, these cells undergo grow th arrest and acquire properties o f sym pathetic neuron-like cells including neurite outgrow th, increased electrical excitability and changes in neurotransm itter synthesis (G reene and Tischler, 1982) . Interaction o f N G F w ith its surface receptor is follow ed by transcriptional activation of specific sets o f early and late genes w hose protein products are responsible for the differentiated neuronal phenotype. O ncoproteins can be divided into tw o classes according to their effects on this process. Constitutive expression o f viral src and activated ras genes, w hich code for m em branebound and cytoplasm ic com ponents o f the signal transduc tion pathw ay, induce neuronal differentiation and thus Bar-Sagi and Feram isco, 1985; N oda et al., 1985) . In contrast, all nuclear oncogenes tested so far (c-m yc, E1A, c-fos, fr a -1 ) block P C 12 cell differentiation (M aruyam a et al., 1987; Ito et al., 1989 Ito et al., , 1990 . In the latter case it has been postulated that the differentiation block results from a perturbation of N G F-induced im m ediate early gene expression (Ito et al., 1990; H easley et al., 1991) . W e have established Fos-E R -expressing PC 12 cell lines in order to gain insight into the m olecular m echanism by w hich Fos interferes w ith neuronal differentiation. As show n in Fig. 5 , the unliganded Fos-ER protein did not affect PC 12 cell m orphology under norm al grow th con ditions and in response to N G F treatm ent. Estrogen activa tion o f the Fos-E R protein, how ever, blocked N G F-induced differentiation as evidenced by the lack o f neurite out growth. M oreover, activated Fos-E R com pletely prevented cell cycle arrest o f N G F-treated cells (H. U lly, unpublished data) in agreem ent w ith the proposed role o f Fos in the co n trol o f cell proliferation. Norm al differentiation was observed w ith a cell line expressing high levels o f a m utant Fos-E R protein that lost its ability to bind D NA. This clearly indicates that Fos-E R m ust interact w ith D N A to exert its inhibitory effect. O rder o f addition experim ents revealed th at Fos activity is dom inant over N G F function, as differentiated Fos-E R -expressing PC 12 cells rapidly d e differentiate upon estrogen addition. Im m ediate early genes w ere not induced under these conditions. T his result dem on strates therefore that the transient im m ediate early gene response is not the critical target o f Fos for blocking neu ronal differentiation as has been proposed by Ito et al. (1990) and Heasley et al. (1991) . A ctivation o f Fos-ER in the absence o f N G F induced cycling PC 12 cells to assum e an epithelial-like m orphology that resem bled the chrom af fin phenotype o f dexam ethasone-treated PC 12 cells (C. W., unpublished data).
Prolonged exposure to N G F stim ulates expression o f the so-called late genes in PC 12 cells. In agreem ent with the observed block o f m orphological differentiation, Fos activity prevents the induction o f all genes o f this class ana lyzed, including those coding for G A P-43, peripherin, neurofilam ent-M , Thy-1, N -C A M and the chrom ogranins A and B (C. W ., unpublished data). W e regard it as unlikely that Fos represses each o f these genes individually. Instead w e hypothesize that Fos activity interferes w ith one or a few m aster regulators o f neuronal differentiation that are required for activation o f late gene expression. T he recently cloned M A S H genes were o f particular interest in this respect as they encode helix-loop-helix proteins hom olo gous to the neuronal regulators o f the D rosophila achaetescute locus (Johnson et al., 1990) . W e have show n that expression o f the M ASH -1 gene is also dow n-regulated by Fos activity in PC 12 cells. H ow ever, forced expression o f the M ASH -1 gene from a retroviral prom oter did not rescue neuronal differentiation o f PC 12 cells that w ere blocked by Fos activity (C. W ., unpublished data). This is in contrast to the situation described for M yoD in m yoblasts (Lassar et al., 1989) , but is consistent w ith recent data suggesting that the M ASH-1 protein is an im portant regulator at early, but not late stages o f neuronal differentiation (Lo et al., 1991) . The Fos-responsive gene Fit-1 codes for a secreted protein W e have used Fos-E R -expressing rat fibroblasts to identify endogenous Fos-responsive genes by differential cD N A cloning (Superti-Furga et al., 1991) . W e referred to the first gene cloned in this w ay as Fos-induced transcript 1 or Fit-1. Fit-1 was the only cD N A that was independently iso lated many tim es, suggesting that it represents the m ost abundant F os-responsive transcript o f rat fibroblasts. Fit-1 m RNA increases ~ 10-fold in response to estrogen in Fos-E R -expressing FR 3T3 cells, as show n by SI nuclease analysis (Fig. 6) . In agreem ent w ith this result, Fit-1 expression is low in parental FR 3T3 cells, but high in cFos-expressing fibroblasts (Superti-Furga et al., 1991) . Schonthal et al., 1988; Schonthal and Feram isco, 1990; B inetruy et al., 1991) . Taken integrated Cal-ER gene (GalER), the Gal-ER and Gal4-responsive fo s genes (GalER/Fos), thefos-ER gene (FosER) or a constitutively expressed c-fos gene (cFos). Cells of these four Rat-1A lines were plated at the same low density with or without 1 pM P-estradiol (E2). Photographs were taken after 5 days. For details see Braselmann et al. (1993) and Superti-Furga et al. (1991) .
nus, but lack a m em brane anchor (K lem enz et al., 1989; G .B., unpublished data). Im m unoprécipitation experim ents w ith specific antibodies dem onstrated that the Fit-1 protein is indeed secreted by fibroblasts (G.B., unpublished data). It is therefore an attractive hypothesis that F it-l/T l m ay be a peptide horm one w hich is involved in cell-to-cell com m unication, either by inducing an autocrine loop in fibrob lasts or by paracrine stim ulation of other cell types. Klee, 1988; H aigler et al., 1989) . A nnexin II (p36), w hich w as first identified as a m ajor cellular substrate for the pp60sre kinase (H uang et al., 1986) , was found to be very abundant in fibroblastic cell lines, accounting for 0.1% to 0.4% o f total protein (Isacke et al., 1986) . In agreem ent with this finding, w e have observed that the m R N A o f the rat annexin II gene is also abundantly expressed in our Fos-ER fibroblasts (see legend to Fig. 7 A) . A ctivation o f Fos-E R resulted in a consistent tw o-fold increase o f annexin II m R N A w ithin 17 hours o f estrogen addition which, in view o f its high m R N A level, m ust be brought about by a dram atic stim ulation o f the transcrip tion rate (Fig. 7A ) . Interestingly, phorbol esters (TPA) also induce a tw o-fold increase o f annexin II m R N A levels in the hum an m yeloid cell line U -937 (Isacke et al., 1989) . M oreover, a putative A P-1-binding site is present in the p rom oter of the hum an annexin II gene at position -1 2 5 upstream o f the transcription start site (Spano et al., 1990; Fig. 7D ). The electrophoretic m obility shift experim ent o f Fig. 7C dem onstrates that this prom oter sequence is effi ciently and specifically recognized by in vitro-translated cFos/c-Jun com plexes. It rem ains to be seen w hether this high affinity AP-1 site has also been conserved in the rat annexin II prom oter. If so, it is likely that this A P -1 recog nition sequence m ediates stim ulation o f the rat annexin II p rom oter by F o s/A P -1.
Induction of annexin II and V gene expression by Fos-ER
A nnexin V (endonexin II) was initially identified as an in vitro inhibitor o f blood coagulation and phospholipase A 2, although in retrospect both inhibitory activities may not reflect physiological in vivo functions (review ed by H aigler et al., 1989) . R ecent biophysical and crystal structure analy ses have revealed that annexin V form s voltage-dependent calcium channels upon association w ith lipid bilayexs (Rojas et al., 1990; H uber et al., 1990) . A nnexin V m RNA is about ten tim es less abundant than annexin II m RN A in our F os-E R -expressing rat fibroblasts and is induced ~5- fold in response to estrogen activation o f Fos-E R (Fig. 7 A) . A sim ilar degree o f annexin V m RN A induction is also seen in F os-E R -expressing PC 12 cells (Fig. 7B) . A nnexin V expression has previously been reported to increase five fold in PC 12 cells in response to nerve grow th factor (Schlaepfer and Flaigler, 1990) . It is therefore conceivable that stim ulation o f AP-1 activity by nerve grow th factor could be responsible for increased expression o f annexin V in these cells.
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Fos activity is sufficient for transcriptional stimulation of the ornithine decarboxylase gene in PC12 cells, but not in fibroblasts
O rnithine decarboxylase (OD C) is the rate-lim iting enzym e in the biosynthetic pathw ay o f polyam ines w hich are know n to be indispensable for optim al grow th o f m am m alian cells.
A large num ber o f signals including horm ones, grow th fac tors, tum our prom oters and regenerative stim uli cause a rapid increase in O D C activity both in vivo and in tissue culture cells. Increased ODC gene expression is also char acteristic o f many tum ours and transform ed cell lines (for review , see T abor and Tabor, 1984) . In particular, activa tion o f the c-H a-ras gene w as show n to result in rapid induction o f the O D C gene in fibroblasts (Sistonen et al., 1987 (Sistonen et al., , 1989 H oltta et al., 1988) . M oreover, the O D C gene is induced transiently and with delayed kinetics relative to the c -fos gene in N G F-treated PC 12 cells (G reenberg et al., 1985) and in neuronal cells o f the brain after electrical stim ulation (Zaw ia and Bondy, 1990; V endrell et al., 1991) . Based on this evidence, it has been postulated that Fos/ AP-1 may be involved in the regulation o f O D C gene expression in response to signal transduction (H oltta and Sistonen, 1989; V endrell et al., 1991) . W e have tested this hypothesis using our Fos-ER - T hese regulatory sequences, w hich still rem ain to be iden tified, may include one or both o f the putative A P-1-bind ing sites present in the 5 ' region o f the rat O D C gene (W en et al., 1989; van Steeg et al., 1990) .
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No increase in O D C m R N A synthesis w as observed in Fos-E R -expressing fibroblasts (FR 3T3) follow ing estrogen treatm ent (Fig. 8) . ODC expression was, how ever, strongly up-regulated in these fibroblasts by serum stim ulation indi cating that the endogenous O D C gene is transcriptionally com petent and fully inducible. Furtherm ore, the Fos-ER protein is functional in these fibroblasts as show n by the induction o f the Fit-1 gene in response to estrogen (Fig. 6) . These data indicate therefore that Fos activity alone is not sufficient to stim ulate O D C transcription in fibroblasts. Transcriptional stim ulation by AP-1 is thought to be brought about by cooperative interaction w ith other upstream transcription factors. The best docum ented cases 
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annexin II include the polyom a enhancer and the prom oters o f the strom elysin, collagenase and interleukin-2 genes, w hose transcriptional activities entirely rely on synergism betw een AP-1 and transcription factors o f the Ets oncoprotein fam ily : G utm an and W asylyk, 1990 Jain et al., 1992) . M oreover, transcription o f the m yelom onocytic grow th factor gene has recently been show n to depend on the cooperative action o f AP-1 and a m yeloid-specific factor, N F-M (Sterneck et al., 1992) . In light o f these observations, our results could be best explained by assum ing that transcription o f the O D C gene also depends on synergism betw een AP-1 and a hitherto unidentified transcription factor(s). T his cooperating factor(s) may be constitulively expressed in PC 12 cells and hence an increase in AP-1 activity w ould be sufficient to activate the O D C gene. In fibroblasts how ever, AP-1 is not the only lim iting com ponent o f O D C transcription, sug gesting that the activity o f the hypothetical cooperating factor(s), like that o f c-Fos, is regulated in response to signal transduction in these cells.
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The fra-1 gene is positively autoregulated by AP-1 activity
Both the c-jun and c -fos genes are know n to be under the control o f AP-1 activity itself. The c-jun gene is positively autoregulated by its ow n gene product in em bryonal carci nom a cells (A ngel et al., 1988) , w hile the c-Fos protein represses the activity o f its ow n prom oter in all cell types analyzed so far (Sassone-C orsi et al., 1988; K önig et al., 1989; G ius et al.. 1990) . W e therefore asked w hether induc tion o f Fos activity in our Fos-ER -expressing fibroblasts also leads to up-or dow n-regulation o f m em bers o f the AP-1 gene fam ily and hence to an overall change in the com position o f A P-1. N orthern blot analysis revealed that the levels o f all three ju n gene transcripts {c-jun, ju n B , ju n D ) and o f fra -2 m R N A w ere unaffected by estrogen acti vation o f Fos-ER . FosB gene expression was undetectable in these cells and the endogenous c-fos gene was repressed by exogenous Fos-E R activity as previously described by Superti-Furga et al. (1991) . T he expression o f th e /ra -7 gene was, how ever, significantly activated in response to estro gen as show n by the northern blot analysis of Fig. 9 . The~i was fused in the second exon to the rabbit P-globin gene. This chimaeric construct was transfected together with a hygromycin resistance gene into Fos-ER-expressing R at-IA cells. Parental cells and a cell pool derived from -1 0 0 resistant colonies were treated with estrogen (in growth medium) for 15 hours or were serum-starved for two days followed by serum stimulation (90 minutes). Endogenous and ex o g en o u s/ra-/ gene transcripts were detected with labelled fra-1 cDNA by northern blot analysis of total RNA. The same filters were rehybridized with a gapdh probe.
sam e increase in fra -1 m R N A synthesis was also observed in rat fibroblast lines that expressed the native c-Fos pro tein under the control o f the transcriptional G al-ER induc tion system (B raselm ann et al., 1993) . In addition, th e /r a -I gene w as strongly induced by estrogen in F os-E R -expressing PC 12 cells (C.W ., unpublished data). T his evidence indicates therefore that up-regulation of fra -1 gene expression by Fos/AP-1 is a m ore general phenom enon (B ergers et al., 1993b) .
Fra-1 gene induction by F o s/A P -1 occurs at the level o f transcription initiation, as show n by nuclear run-on exper im ents with Fos-E R -expressing fibroblast and PC 12 cells. Furtherm ore, a Fos-E R protein lacking a functional D N Abinding dom ain w as unable to stim ulate fra -1 gene tran scription (G.B. and C.W ., unpublished data). T hese data suggest that Fos/A P-1 activity directly regulates the fra -1 gene by binding to c/.v-regulatory regions. T o test this hypothesis w e have isolated the fra -1 gene from the rat genom e. T ranscription o f the fra -1 gene w as show n to start heterogeneously w ithin a 10-bp elem ent. Consistent with this finding there is no T A TA sequence in the im m ediate 5 ' flanking region. M oreover, the prom oter and first exon o f the fra -1 gene are both located w ithin a CpG island w hich is a characteristic feature o f housekeeping genes (see Bird et al., this volum e). F or prom oter m apping we have linked the fra -1 gene in the second exon to the rabbit ¡3-globin gene (see Fig. 9 ). A construct containing 4700 bp of 5' flanking sequences was stably transfected into Fos-ER-expressing Rati A cells and a cell pool derived from -1 0 0 hygromycin-resistant colonies was analyzed for Fos and serum induction of the transfected fra-1 gene by north ern blot hybridization (Fig. 9) . This experiment demon strated that sequences in the 5' region o f the fra-1 gene from position -4 7 0 0 to the second exon are sufficient for induction by Fos/AP-1 activity and to a lesser extent also by serum.
Elevated levels of endogenous fra-1 mRNA were also observed in Rat-IA cells constitutively expressing c-Jun or Fra-1 (G.B., unpublished data) . This evidence raises the possibility that the fra-1 gene may be regulated by other members of the AP-1 family. In particular, it suggests that the Fra-1 protein may positively autoregulate transcription from its own promoter. Autoregulation has previously been described for the c-jun gene and was proposed to be respon 
